Abstract: With the advances in pulsed laser systems, microscopic imaging techniques such as multiphoton and pumpprobe fluorescence microscopy have developed into effective tools for investigating intensity and time-resolved phenomena inside biological systems. However, pulsed lasers used in these techniques usually are commercial systems with repetition frequencies of around 80 MHz. While these systems have proven to be adequate for multiphoton and pump-probe microscopic imaging applications, the temporal separation of the laser pulse train (around 12.5 ns) is long compared to the fluorescence lifetimes of many common fluorescence species. In this work, we present the designs of repetition rate multipliers based on passive optical components that can be used to increase the efficiency in multiphoton and pump-probe fluorescence microscopy. Depending on the lifetime of fluorescence molecules under investigation, the passive repetition rate multiplier can increase the duty cycle of multiphoton or pump-probe microscopy up to fourfold.
Introduction
In recent years, novel microscopic imaging techniques based on multiphoton excitation and pump-probe methodology added to the repertoire of techniques available for biological fluorescence imaging applications. In multiphoton fluorescence microscopy, the fluorescence species of interest is excited to the excited state by the simultaneous absorption of two or more photons. Unlike conventional techniques based on single-photon excitation, the non-linear excitation confines fluorescence excitation to near the focal volume. As a result, confocal-like imaging quality is achieved without the use of confocal pinholes. Furthermore, since sample excitation occurs only at the focal volume, specimen photodamage is also limited to the focus. Finally, since the near-infrared photons used for sample excitation are absorbed and scattered less by biological specimens, multiphoton excitation microscopy can penetrate deeper into biological structures without the use of disruptive histological procedures [1] [2] [3] . In the life sciences, multiphoton fluorescence microscopy has found wide applications in diverse disciplines such as deep-tissue imaging, neurobiology, and developmental biology [4] [5] [6] [7] [8] [9] . Indeed, multiphoton microscopy has become one of the most important fluorescence imaging techniques in modern optical microscopy. On the other hand, pump-probe fluorescence microscopy represents a more recent attempt to obtain time-resolved biological images with similar depth discrimination capability. In this novel technique, two pulsed laser systems with different repetition frequencies are focused and spatially overlapped at the fluorescent sample. The wavelength of one of the lasers (the pump) is chosen to excite the sample fluorescence while the other laser's wavelength (the probe's) is chosen to induce stimulated emission from the excited state fluorophores. Due to the difference in repetition frequencies of the two lasers, the fluorophore excited state lifetime is continuously sampled at different times following the excitation pulse. In the frequency-domain, the difference in the pump and probe lasers' repetition frequencies results in a sinusoidal fluorescence signal at the difference frequency and its harmonics. As in frequency-domain fluorescence microscopy, the amplitude and phase of the cross-correlation signal can be used to achieve time-resolved microscopic imaging. A major advantage of pump-probe microscopy is that the high-frequency, lifetime information of the fluorescence species can be determined from the low-frequency, cross-correlation signals without the use of high speed photodetectors. Furthermore, since the pump-probe signal depends on the spatial overlap of the two lasers, the cross-correlation signal originates primarily from the focal volume where the pump and probe lasers both have high intensities. As a result, as in multiphoton microscopy, pump-probe microscopy can achieve confocal-like imaging image quality without using apertures [10] [11] [12] [13] . The basic principles of two-photon (as a representative of multiphoton processes) and pump-probe fluorescence excitation are illustrated in fig. 1 .
Duty cycle in pulsed laser fluorescence microscopy
In most laboratories conducting scanning microscopy using pulsed laser sources, the commercial laser excitation sources have repetition frequencies around 80 MHz. A repetition frequency of 80 MHz translates to a temporal separation of the laser pulses of 12.5 ns. Depending on the molecules under study, 12.5 ns can be much longer than the molecular fluorescence lifetime. For example, rhodamine and fluorescein, two of the commonly used fluorophores in fluorescence microscopy have lifetimes around 2.0 and 4.5 ns, respectively [14] . Assuming a single exponential model of e Àt=t (where t is the fluorescence lifetime) and defining the effective detection period as the time from the initiation of the fluorescence decay to when 90% of the fluorescence has decayed, the duty cycle of fluorescence detection is 37% and 83% for rhodamine and fluorescein, respectively. For fluorophores with a lifetime of 1 ns, the duty cycle is merely 18%. As illustrated in fig. 2 , in order to maximize the detection efficiency in multiphoton or pump-probe studies, it is important to match the repetition frequency of the pulsed laser systems used to the lifetime of the fluorescent molecules. For multiphoton or pump-probe spectroscopy, the low detection duty cycle is less problematic. The focused laser spot can park within the specimen and the signal photons can be integrated to provide information of the photophysical properties of the specimen. However, for microscopic imaging applications, the low duty cycle can lead to inadequate detection of spatially resolved structures. The reason for this difficulty is the relatively short pixel residence time of optical microscopy. In typical applications of multiphoton or pump-probe microscopy, spatially resolved information of the fluorescence specimens is acquired by scanning a focused spot of the laser beams across the specimen. The sample image is acquired by collecting sample fluorescence emission in a point-by-point fashion. To acquire an image in a timely fashion, the laser spot can only park at one point within the specimen for a short time. For example, for a 256 by 256 pixels image to be acquired within one second, the laser spot can only park at a point within the specimen for about 15 ms. For excitation using an 80 MHz pulsed source, a pixel residence time only permits about 1221 laser pulses for pixel excitation. In cases where the fluorophores' lifetime is much less than 12.5 ns, increasing the laser repetition frequency will increase the number of pulses impinging upon the pixel and will lead to an improvement in the signal to noise ratio of the fluorescence image. For example, the multiphoton excitation efficiency of fluorophores with a 1.0 ns lifetime may be enhanced when the repetition rate of the excitation source is increased from 80 to 320 MHz (temporal pulse separation of 3.125 ns). Assuming that the fluorescence emission is photon-limited, one would expect, for the same pixel residence time, the 4-fold increase in the number of pulses will lead to an increase in the S/N ratio by a factor of two. Naturally, the choice of optimal repetition rate will depend upon the fluorophores' fluorescence lifetime. In general, it is best to avoid the temporal overlap of emission photons from different 338 J. Chen et al., Repetition rate multipliers for efficient implementation of multiphoton . . . excitation pulses. This issue is less critical for intensity imaging. However, for time-resolved imaging, crosstalk between fluorescence photons originating from different excitation pulses will lead to inaccuracy in fluorescence lifetime determination. In the previous analysis, we arbitrarily set the 90% decay point as the point where the next excitation pulse can arrive to excite the fluorophores with minimal cross-talks. Since the exponential decay function continues to infinity, any set-point for determining the end of fluorescence emission from an excitation pulse will introduce error in fluorescence lifetime determination.
Passive repetition rate multiplier designs
An increase in excitation laser repetition rate may be achieved by using passive optical components such as beam splitters and mirrors. Considering that the fluorescence lifetimes of most fluorophores are in the ns range, increasing the repetition frequencies of commercially available pulsed laser systems with repetition frequencies from 80 MHz to 160 MHz (pulse separation 6.25 ns), 240 MHz (pulse separation 4.17 ns), and 320 MHz (pulse separation 3.13 ns) can increase the detection efficiency for the same pixel residence time or reduce the image acquisition time in achieving the same S/N ratio. In the designs of these passive repetition rate multipliers, it is important to design them with appropriate path length to ensure equal temporal separation between succeeding pulses.
In an arrangement shown in fig. 3 , two beam splitters and two mirrors may be combined to form a repetition rate doubler. In this configuration, beam splitter 1 (BS1) splits the incoming laser pulse train into two paths. Upon reflection by the two mirrors (M1 and M2), the beam reflected by and transmitted through BS1 is combined at the second beam splitter (BS2). With proper choice of the path length difference ðd 2f ¼ c=ð4f Þ, c is the speed of light and f is the input laser repetition frequency), outputs Ið2f ; 1Þ and Ið2f ; 2Þ will each contain a pulse train with a repetition frequency of 2f. In this arrangement, we can choose the transmission ratios of BS1 ðT 1 Þ and BS2 ðT 2 Þ such that each pulse at the two outputs will have the same energy. To be specific, the non-delayed and delayed pulse ratio will be ð1 À T 1 Þ ð1 À T 2 Þ and T 1 T 2 at output A. At output B, the respective ratios are ð1 À T 1 Þ T 2 and T 1 ð1 À T 2 Þ. In this case, a choice of using 50/50 beam splitter at BS1 and BS2 ðT 1 ¼ T 2 ¼ 0:5Þ will result in each of the pulses at outputs A and B having 0.25 of the incident laser pulse energy.
In the case that higher repetition frequencies from the base frequency f are needed, the 2f design illu- strated in fig. 3 may be expanded. For example, as shown in fig. 4 , to generate pulse trains at 3f and 4f , two and four additional beam splitters need to be respectively added. The additional sets of beam splitters are intended to create additional reflection and transmission surfaces. In higher repetition rate systems, it becomes less obvious of the choices of the optical properties of the beam splitting elements. In the case of the 3f design, multiple outputs (A, B, and C) are possible. Since it is not possible to generate 3f pulses at all outputs, we choose to generate a pulse at output A where the 3f pulses are evenly spaced in time and each having the same pulse energy. In table 1, we list the pulse outputs generated by the multiple reflection and transmission processes for the 3f and 4f multipliers. The problem now becomes one solving the various output terms in generating pulses with equal energy and at the desired repetition frequencies. While this may appear to be complex, there is an iterative method in which T i , the transmission of a particular beam splitter, can be derived. For example, in the 3f design, if the goal is to generate 3f pulses at output A, the reflected beams from BS 4 and M 2 must have equal intensity along the path between BS 4 and BS 2. This limits the transmission ratios of BS 3 and BS 4 to be 0.5. Furthermore, if we select T 1 and T 2 to have the same value, then by requiring all reflected and transmitted pulses to have the same energy, T 1 and T 2 may be solved to be 2/3. As a result, Ið3f ; 1Þ, Ið3f ; 2Þ, and Ið3f ; 3Þ will each have 1/9 of the incident intensity. To ensure even temporal spacing of the three pulses, one needs to select the distance between the optical components to match the desired repetition frequencies. In the 3f case, twice the time required for an 80 MHz pulse train to traverse d 3f must be equal to 4.17 ns ð¼ 2d 3f =cÞ such that d 3f is about 0.6 meter. The same reasoning we applied to the 3f design can also be applied to the 4f design. The choice of transmission ratios from T 1 to T 6 may be constructed by requiring pulse transmission and reflection, respectively, from BS 5 and BS 6 to be equal (i.e. T 5 ¼ T 6 ¼ 0:5Þ and succeeding choices of the beam splitters' optical properties can be made by requiring the pulses at output A to have the same energy. However, in this case, d 4f , the distance between optical components, is set by the requirement 2d 4f =c ¼ 3:13 ns (for f ¼ 80 MHz). In this case, output A contains four equally spaced pulses Ið4f ; 1Þ to Ið4f ; 4Þ each with 1/16 of the incident pulse energy. The results for the 3f and 4f repetition rate multipliers are tabulated in table 1.
Our design can be generalized to the nth case where a repetition rate of nf is desired. From the discussion above, it can be seen that in the generalized case, ðn À 1Þ pairs of beam splitters (with the same transmission properties) and a pair of reflective mirrors are needed to generate the nf pulse train. In addition, the transmission properties of the succeeding beam splitting pairs are ð1 À 1=2Þ, ð1 À 1=3Þ, ð1 À 1=4Þ . . . Ið3f ; 1Þ
Ið3f ; 2Þ
Ið3f ; 4Þ
Ið3f ; 5Þ
Ið3f ; 6Þ
Ið3f ; 7Þ
Ið3f ; 8Þ
Ið4f ; 9Þ
Ið4f ; 10Þ
Ið4f ; 11Þ
Ið4f ; 12Þ
Ið4f ; 13Þ
distance between the pairs of optical components is determined by 2d nf =c ¼ 1=ðnf Þ. The arrangements demonstrated above are not the only possibilities. For example, one may use the configuration shown in fig. 5 to generate output with a repetition frequency three times that of the fundamental. In this configuration, three beam splitters and four mirrors are used. As in the cascade designs proposed in figs. 3 and 4, this design functions by the appropriate choices of the properties of BS 1 -BS 3 . However, the design illustrated in fig. 5 is more complex in analysis. Upon incident on BS 1 and BS 2 , the laser pulse is split such that part of the energy traverses in the clock-wise loop while the remaining portion travels in the counter clock-wise path. In the counter clock-wise loop involving mirrors M 1 and M 2 , the pulse, in theory, travels in the loop infinitely and loses part of its energy every time it is incident upon BS 1 and BS 2 . At that point, the escaped pulse may exit the loop by further interaction with BS 3 . Since the counter clock-wise loop involves, in theory, infinite reflection and transmission events, the analysis for obtaining the beam splitters' transmission coefficients require numerical methods. First, we chose T 3 ¼ 0:5 in order to match the intensity of outputs I 0 ð3f ; 1Þ, I 0 ð3f ; 2Þ, I 0 ð3f ; 3Þ to that of I 0 ð3f ; 4Þ I 0 ð3f ; 5Þ I 0 ð3f ; 6Þ. Let's focus on I 0 ð3f ; 1Þ, I 0 ð3f ; 2Þ, and I 0 ð3f ; 3Þ. After summing the contributions of the multiply reflecting and transmitting beams, we arrive at the expressions for I 0 ð3f ; 2Þ, and I 0 ð3f ; 3Þ:
By equating (1) and (2), the set of T 1 and T 2 satisfying eqs. (1) and (2) 
Discussion
By increasing the repetition frequencies using passive optical components, the detection duty cycle can be greatly increased. Since most fluorescent molecules have lifetimes in the ns range, we focused on the designs and applications of frequency doubler, tripler, and quadrupler to the commonly available 80 MHz pulsed laser systems. For applications in multiphoton microscopy, the designs described here can increase the detection efficiency. However, for frequency-domain, pump-probe applications, two sets of independent repetition rate multipliers (one each for the pump and probe lasers) will be needed. By imaging with lasers of increased repetition frequencies, improved S/N and/or shortened image acquisition can be achieved.
There are a number of issues to be noted with the passive repetition rate multipliers described here. First, in achieving the higher repetition frequencies, loss in the excitation power may result. For example, in the 3f design ( fig. 4) , only 1/9 (per pulse) of the incident pulse energy is available for tripled repetition frequency excitation. In the 4f design, only 1/16 of the pulse energy can be used for sample excitation. Taking into account the increase in repetition frequencies, only 1/3 (3f design in fig. 4 ) and 1/4 (4f design in fig. 4 ) of the incident energy are used for sample excitation at the increased repetition frequencies. Nonetheless, with the available power in modern pulsed laser systems, the energy lost may not affect excitation efficiency. For example, a commercial titanium-sapphire laser used for multiphoton excitation can have average power near 2 W. Used in conjunction with a 4f multiplier, an average laser power of 500 mW is still available for fluorophore excitation. Furthermore, it should be noticed that repetition frequencies other than the intended repetition frequency may be generated. For example, in both the 3f and 4f designs ( fig. 4) , a 2f source is generated at outputs C ð3f Þ and D ð4f Þ, each pulse having respective energy 1/6 and 1/8 that of the incident pulse. In these designs, other pulse trains are generated (output B for 3f and outputs B, C for 4f ). However, since the pulse energy in these pulse trains is not uniform, we will not consider using them for microscopic imaging applications. Finally, one should notice that some of the transmission coefficients presented here in these designs are not typical items and may need to be specially synthe-J. Chen et al., Repetition rate multipliers for efficient implementation of multiphoton . . . sized. For example, as table 1 shows, the cascade design (3f and 4f ) requires a beam splitter with transmission coefficient of 2/3. To the best of our knowledge, this item would not be of the standard type and may need to be specially synthesized.
Conclusion
By combining passive optical components of specially designed beam splitting elements and highly reflecting mirrors, typical pulsed laser systems operating at around 80 MHz may be repetition frequency multiplied to generate uniform pulse trains at higher repetition rates. The generation of these higher frequencies is important for multiphoton, pump-probe and other fluorescence imaging techniques using pulsed laser systems. The temporal pulse separation of 80 MHz lasers is long compared to the lifetimes of many fluorescent molecules. By implementing the passive repetition frequency multipliers described in this work, the detection efficiency of fluorescence microscopy based on pulsed laser systems may be increased. Shorter image acquisition time and images with improved S/N ratio can result.
